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EssEntial tremor (ET) is the most common move-
ment disorder, with a prevalence of up to 4% in the 
general population, and is characterized by a pos-

tural and intentional tremor, which can vary from a mild to 
a disabling high-amplitude tremor.1 Although ET does not 

cause severe medical morbidity or death, it causes psycho-
logical and social disabilities and limits the activities of 
daily living as it progresses over time. Pharmacotherapy is 
the first-line treatment, but approximately 50% of people 
with ET develop recurrent tremor, have inadequate tremor 
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OBJECTIVE Magnetic resonance imaging–guided focused ultrasound (MRgFUS) provides real-time monitoring of 
patients to assess tremor control and document any adverse effects. MRgFUS of the ventral intermediate nucleus (VIM) 
of the thalamus has become an effective treatment option for medically intractable essential tremor (ET). The aim of 
this study was to analyze the correlations of clinical and technical parameters with 12-month outcomes after unilateral 
MRgFUS thalamotomy for ET to help guide future clinical treatments.
METHODS From October 2013 to January 2019, data on unilateral MRgFUS thalamotomy from the original pivotal 
study and continued-access studies from three different geographic regions were collected. Authors of the present study 
retrospectively reviewed those data and evaluated the efficacy of the procedure on the basis of improvement in the Clini-
cal Rating Scale for Tremor (CRST) subscore at 1 year posttreatment. Safety was based on the rates of moderate and 
severe thalamotomy-related adverse events. Treatment outcomes in relation to various patient- and sonication-related 
parameters were analyzed in a large cohort of patients with ET.
RESULTS In total, 250 patients were included in the present analysis. Improvement was sustained throughout the 
12-month follow-up period, and 184 (73.6%) of 250 patients had minimal or no disability due to tremor (CRST subscore 
< 10) at the 12-month follow-up. Younger age and higher focal temperature (Tmax) correlated with tremor improvement 
in the multivariate analysis (OR 0.948, p = 0.013; OR 1.188, p = 0.025; respectively). However, no single statistically sig-
nificant factor correlated with Tmax in the multivariate analysis. The cutoff value of Tmax in predicting a CRST subscore 
< 10 was 55.8°C. Skull density ratio (SDR) was positively correlated with heating efficiency (β = 0.005, p < 0.001), but no 
significant relationship with tremor improvement was observed. In the low-temperature group, 1–3 repetitions to the right 
target with 52°C ≤ Tmax ≤ 54°C was sufficient to generate sustained tremor suppression within the investigated follow-up 
period. The high-temperature group had a higher rate of balance disturbances than the low-temperature group (p = 0.04).
CONCLUSIONS The authors analyzed the data of 250 patients with the aim of improving practices for patient screening 
and determining treatment endpoints. These results may improve the safety, efficacy, and efficiency of MRgFUS thala-
motomy for ET.
https://thejns.org/doi/abs/10.3171/2020.11.JNS202580
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control using medication, and experience medication-in-
duced side effects.2 A subset of these patients may consid-
er surgical treatments such as deep brain stimulation3 and 
Gamma Knife radiosurgery.4 Magnetic resonance imag-
ing–guided focused ultrasound (MRgFUS) thalamotomy 
of the ventral intermediate nucleus (VIM) of the thalamus 
has recently been shown to be an effective treatment op-
tion for medication-refractory ET.5–8 MRgFUS combines 
the technical advantages of both MRI and a multielement 
FUS array and enables accurate and spatially controlled 
energy deposition deep within the brain in a completely 
noninvasive manner. It facilitates real-time monitoring 
of patients to evaluate the degree of tremor control while 
identifying any possible adverse effects and providing es-
sential diagnostic imaging information. Based on experi-
ence, clinical testing paired with intraoperative imaging 
as well as an empirical knowledge on operative param-
eters can help physicians decide whether sufficient le-
sioning has been accomplished for effective and durable 
tremor suppression. This study provides practical infor-
mation regarding the direct effect of operative variables 
on clinical outcomes on the basis of an analysis of data 
from 250 MRgFUS thalamotomies. These findings may 
help with future patient selection strategies, personalized 
treatments, and improvement in the efficacy and safety of 
treatments.

Methods
Patients

From October 2013 to January 2019, 260 patients with 
medication-refractory ET underwent unilateral MRgFUS 
thalamotomy at 22 medical centers worldwide. Among 
these patients were 56 who were actively treated in a 
randomized, sham-controlled, pivotal study and 21 (19 
patients in the sham group and 2 patients with technical 
failure in the treatment group) who were switched to ac-
tive treatment after 3 months. The other 183 patients were 
recruited into a single-arm, continued-access study con-
ducted in the United States, Europe, and Asia. Patients 
were recruited on the basis of previously described eli-
gibility criteria.5 Since 2014, patients have been screened 
according to their skull density ratio (SDR) on computed 
tomography (CT). All patients provided written informed 
consent before the study began, and this study received 
full ethics approval from the institutional review board of 
each participating center.

MRgFUS Thalamotomy
Details of the MRgFUS thalamotomy procedure have 

been described previously.5,8 Briefly, all procedures were 
performed using a 1.5-T or 3-T MRI system (GE Medical 
Systems) with an ExAblate Neuro 4000 device (InSightec 
Ltd.). Each patient’s head was fixed in a Radionics frame 
(Integra Radionics). After refinement between the trans-
ducer focus and the target with low-dose, sublethal energy 
sonications, unilateral lesioning was performed with a se-
ries of ablative sonications. During the delivery of acoustic 
energy, temperature elevation was monitored using real-
time MR thermometry, and each patient was assessed for 
tremor improvement and adverse events. Clinicians could 

decide to move the target from the first lesion or to repeat 
sonications on the basis of the tremor response.

Outcome Assessment
Focal Temperature

Focal temperature (Tmax) is defined as the average 
temperature on a 3 × 3 grid with a target in the center. Pre-
vious clinical evidence has suggested that a peak tempera-
ture of 54°C–60°C was sufficient to cause lesioning with 
a higher safety profile.9 We divided Tmax into two groups: 
Tmax ≤ 54°C and Tmax > 54°C. While sonications with 
a peak temperature above 54°C have been reported to re-
sult in tissue ablation, sonications at lower temperatures 
(50°C–54°C) have also been shown to contribute to lesion 
formation.10,11 The low-temperature (50°C–54°C)10 group 
was analyzed using temperature thresholds of 50°C, 52°C, 
and 54°C based on the suggested number of sonications 
at 52°C and 54°C that significantly correlated with lesion 
volumes in the literature.12

Tremor
Clinical evaluation was performed using the Clinical 

Rating Scale for Tremor (CRST) scores, as detailed by 
Stacy et al.13 The upper extremity tremor subscore (CRST 
subscore) for the treated hand was calculated by sum-
ming the observed and performance-based scores from 
CRST parts A and B.14 A movement disorder specialist 
at each center evaluated tremors at baseline and at 1, 3, 
6, and 12 months posttreatment to determine the severity 
of symptoms and the degree of functional impairment. In 
this study, efficacy was defined as a reduction in tremor 
at 12 months posttreatment with clinical symptom relief. 
Patients in the current study were divided into two groups 
based on the CRST subscore (< 10 or ≥ 10) at the 12-month 
follow-up, referring to the randomized controlled trial in 
which the mean score for hand tremor improved by 47% 
(9.6 ± 5.1) in the thalamotomy group.5

Adverse Events
All adverse events were classified as mild, moderate, 

or severe on the basis of the maximal severity of the event 
at any time:15 a mild adverse event was defined as a minor 
inconvenience that did not affect routine daily activities, a 
moderate adverse event was defined as a bothersome event 
that interfered with routine daily activities, and a severe 
adverse event was defined as an incapacitating event that 
prevented activities of daily living. Thalamotomy-related 
adverse events (T-AEs) were categorized into four groups 
for analysis: sensory, speech and swallowing, balance and 
gait, and weakness abnormalities.15 Safety was based on 
the incidence of reported T-AEs.

Statistical Analysis
Statistical analyses were performed using SAS (version 

9.4, SAS Inc.). For related categories, comparisons were 
made using unpaired sample t-tests and chi-square tests 
for continuous variables and categorical variables, respec-
tively, and p < 0.05 was considered statistically signifi-
cant. For evaluating improvement based on a comparison 
of CRST scores over time, a one-way repeated-measures 
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ANOVA was performed. Correlations between potential 
influencing parameters (patient-related factors and soni-
cation parameters) and improvement in the CRST scores 
were calculated using linear regression and logistic regres-
sion methods.

Results
Patient Demographics and Treatment-Related Parameters

During the follow-up period, 10 patients were excluded 
because of loss to follow-up or insufficient data. The data 
for 250 patients who had entered the open-label phase of 
the study and had been monitored for 12 months were con-
sidered valid. The mean age of the patients was 69.4 ± 
11.0 years (range 26–92 years). One hundred seventy-two 
patients were male (68.8%) and 78 were female (31.2%). 
There were slightly more White patients than Asian pa-
tients (131 vs 109), and there were only 10 Black or His-
panic patients. The patients’ mean SDR, skull volume, 
and incidence angle were 0.50 ± 0.11, 237.5 ± 55.1 cm3, 
and 13.1° ± 1.1°, respectively. The mean number of ac-
tive transducer elements and the corresponding skull area 
were 903.8 ± 49.6 and 334.2 ± 38.6 cm2, respectively. With 
the implementation of multiple focused ultrasound sonica-
tions (15.7 ± 5.2), a mean Tmax of 56.3°C ± 2.6°C was 
achieved using a maximal energy of 17,527.4 ± 9063.5 
J. The mean maximal power and duration of sonication 
were 852.0 ± 211.2 W and 23.1 ± 8.9 seconds, respectively 
(Table 1). 

Tremor Improvement and Potential Related Factors
The mean baseline CRST subscore among all patients 

was 18.7 ± 5.2. The patients’ tremors improved by 67.8% 
± 26.2%, 64.4% ± 26.3%, 63.4% ± 26.1%, and 61.5% ± 
26.3% at 1, 3, 6, and 12 months posttreatment, respec-
tively (Fig. 1A). Improvement was sustained throughout 
the 12-month follow-up, and 184 (73.6%) of the 250 pa-
tients had minimal or no disability due to tremor (CRST 
subscore < 10) at the 12-month follow-up. In the logistic 
regression analysis of CRST subscore < 10 at the 1-year 
follow-up and its relationship with patient demographics 
and treatment-related parameters (Table 2), we found that 
younger age, fewer sonications, fewer cavitation halts, and 
lower baseline CRST subscore significantly correlated 
with a CRST subscore < 10. More active transducer ele-
ments, larger skull areas, and higher Tmax were positively 
correlated with a CRST subscore < 10. In the multivariate 
analysis, younger age and higher Tmax were significantly 
related to tremor outcome (OR 0.948 and p = 0.013, OR 
1.188 and p = 0.025, respectively). Based on the data avail-
able, the SDR and accumulated thermal dose showed no 
significant relationships with tremor improvement (p = 
0.869 and = 0.832, respectively).

Tmax 
As shown in Fig. 1B, tremor improvement tended to 

increase as Tmax increased. Since there were few cases 
involving the upper and lower limits of the temperature 
range, data points were averaged with their neighboring 
cases. The mean improvement in CRST scores for treat-
ments with 50°C ≤ Tmax ≤ 52°C (n = 11; another case 

involving Tmax of 40°C was excluded from Fig. 1B) was 
35.6% ± 29.2%. For treatments with Tmax ≥ 61°C (n = 9), 
the mean improvement was 60.0% ± 25.7%.

The improvements in CRST scores for patients with 
Tmax ≤ 54°C were significantly lower than those for pa-
tients with Tmax > 54°C at all follow-up points: 55.1% ± 
32.7% versus 71.4% ± 23.0% at 1 month, 52.1% ± 30.9% 
versus 67.9% ± 23.3% at 3 months, 54.1% ± 29.3% versus 
66.0% ± 24.0% at 6 months, and 49.9% ± 27.5% versus 
64.7% ± 25.1% at 12 months after treatment (p < 0.01; Fig. 
1A). Asian patients had a significantly lower SDR than 
White patients (0.46 ± 0.11 vs 0.53 ± 0.10, p < 0.0001), and 
the Tmax achieved in Asian patients was lower (55.8°C ± 
2.5°C vs 56.8°C ± 2.7°C, p = 0.003). However, there were 
no significant differences in tremor improvement between 
Asian and White patients (64.1% ± 28.6% vs 59.0% ± 
24.2%, p = 0.142; Fig. 1A).

Linear regression indicated that Tmax positively cor-
related with SDR, active elements, skull area, and accu-
mulated thermal dose and negatively correlated with race 
(lower value in Asian patients), maximal energy, maximal 
power, maximal duration, and cavitation halts (Table 3). 
The multivariate analysis revealed no single statistically 
significant factor correlated with Tmax. The cutoff for a 
Tmax predicting a CRST subscore < 10 was 55.8°C ac-
cording to our calculation of the maximal area under the 
receiver operating characteristic curve (Fig. 1C).

Repetition and Number of Sonications
Analysis of the low-temperature group indicated that 

TABLE 1. Demographic characteristics and treatment-related 
parameters

Variable Value

Age in yrs (range) 69.4 ± 11.0 (26–92)
Sex, no. (%)
 M 172 (68.8%)
 F 78 (31.2%)
Race, no. (%)
 White 131 (52.4%)
 Asian 109 (43.6%)
 Black or Hispanic 10 (4%)
SDR (range) 0.50 ± 0.11 (0.27–0.82)
Skull vol in cm3 (range) 237.5 ± 55.1 (107.44–406.57)
Incidence angle in ° (range) 13.1 ± 1.1 (10.15–16.05)
No. of active transducer 
elements (range) 

903.8 ± 49.6 (699.63–1,017.92)

Skull area in cm2 (range) 334.2 ± 38.6 (14.56–413.5)
Max energy in J (range) 17,527.4 ± 9,063.5 (3,351.4–44,288)
Max power in W (range) 852.0 ± 211.2 (350–1,297.09)
Max duration in sec (range) 23.1 ± 8.9 (9–46)
Tmax in °C (range) 56.3 ± 2.6 (39.91–63.87)
No. of sonications (range) 15.7 ± 5.2 (6–35)
CRST subscore at baseline 18.7 ± 5.2 (4–32)

Descriptive statistics are presented as the mean ± standard deviation.
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Tmax and the number of repetitions with a Tmax ≥ 52°C 
showed a positive relationship with tremor control (p = 
0.002; Table 4). A significant difference in tremor im-
provement was noted between treatments with ≤ 2 soni-
cations with a Tmax reaching 52°C and those with ≥ 3 
sonications with a Tmax reaching 52°C (30.8% ± 29.3% 
vs 58.5% ± 22.2%, p < 0.0001; Table 5). Considering the 
number of targets, it was feasible to deliver 1–3 sonica-
tions per right target with a Tmax between 52°C and 
54°C for effective tremor suppression (58.0% ± 22.2% 
[n = 32] vs 38.7% ± 30.6% [n = 23] when the number of 
repetitions per target was < 1, p < 0.01). In the high-tem-
perature group, Tmax and the number of sonications ex-
hibited no significant relationship with tremor improve-
ments (p = 0.444). No significant benefits of repeating 
sonications at higher temperatures were noted, while the 
number of sonications with Tmax ≥ 50°C showed an in-
verse relationship with tremor improvement (p = 0.002; 
Table 4).

Skull Properties and Heating Outcomes
The linear regression analysis between various skull 

properties and heating efficiency indicated that SDR was 
positively correlated with heating efficiency (i.e., δT/δE, 
where δT represents the temperature achieved minus a 
baseline temperature of 37°C and δE represents the en-
ergy delivered at the maximum temperature; β = 0.005 
and p < 0.001), while skull volume and incidence angle 
were negatively correlated (β = −3E06 and p < 0.001, β = 
−0.0001 and p < 0.014, respectively). Multivariate analysis 
was not performed because of multicollinearity. Among 
the 250 patients, 43 had an SDR < 0.4, 40 of whom (93.0%) 
had a Tmax ≥ 52°C, and 24 of whom (55.8%) had a Tmax 
≥ 55°C (Fig. 1D).

Safety Outcomes
T-AEs were usually mild (85.7% and 86.7% in the low- 

and high-temperature groups, respectively) and rarely 

FIG. 1. A: Tremor improvements during the 12-month follow-up: all patients valid for analysis (n = 250), patients with Tmax ≤ 54°C 
(n = 55), patients with Tmax > 54°C (n = 195), Asian patients (n = 109), and White patients (n = 131). B: Relationship between trem-
or improvement at the 12-month follow-up (percentage change in CRST subscore) and Tmax. C: Receiver operating characteristic 
(ROC) curve of Tmax to predict a CRST subscore < 10. Area under the receiver operating characteristic curve (AUC) = 0.573, 
cutoff value for Tmax = 55.8°C. D: SDR according to the Tmax achieved. Horizontal lines indicate temperature thresholds of 52°C 
(magenta) and 55°C (green), and the red vertical line indicates an SDR of 0.4. Figure is available in color online only.
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TABLE 2. CRST subscore < 10 at the 1-year follow-up and related factors: logistic regression

Variable
Univariate Multivariate

OR (95% CI) p Value OR (95% CI) p Value

Age 0.929 (0.897–0.963) <0.001 0.948 (0.909–0.989) 0.013
Sex 0.663 (0.367–1.198) 0.174
Race
 Asian (vs White) 1.557 (0.866–2.797) 0.139
 Other (vs White) 1.758 (0.357–8.648) 0.488
SDR 1.237 (0.100–15.357) 0.869
Skull vol 1.000 (0.995–1.005) 0.982
Incidence angle 0.877 (0.675–1.140) 0.327
No. of active elements 1.011 (1.005–1.017) <0.001 1.007 (0.998–1.015) 0.120
Skull area 1.013 (1.004–1.022) 0.003 1.001 (0.991–1.012) 0.774
Max energy 1.000 (1.000–1.000) 0.881
Max power 1.000 (0.999–1.002) 0.568
Max duration 0.992 (0.962–1.024) 0.631
Tmax 1.152 (1.028–1.290) 0.015 1.188 (1.022–1.380) 0.025
No. of sonications 0.918 (0.869–0.969) 0.002 0.954 (0.886–1.026) 0.203
Cavitation halts 0.807 (0.672–0.969) 0.022 0.949 (0.732–1.231) 0.694
Patient stops 0.835 (0.675–1.032) 0.096
Thermal dose 1.390 (0.066–29.119) 0.832
CRST subscore at baseline 0.789 (0.734–0.848) <0.001 0.795 (0.732–0.863) <0.001

Boldface type indicates statistical significance (p < 0.05).

TABLE 3. Tmax and related factors: linear regression

Variable
Univariate Multivariate

b (SE) p Value b (SE) p Value

Age 0.005 (0.015) 0.7374
Sex −0.366 (0.357) 0.3067
Race
 Asian (vs White) −0.980 (0.335) 0.004 −0.581 (0.347) 0.095
 Other (vs White) −0.186 (0.848) 0.826 −0.998 (0.719) 0.167
SDR 7.069 (1.414) <0.001 3.484 (1.589) 0.029
Skull vol −0.005 (0.003) 0.080
Incidence angle −0.279 (0.155) 0.073
Active elements 0.010 (0.003) 0.0032 0.013 (0.004) <0.001
Skull area 0.013 (0.004) 0.003 0.007 (0.004) 0.099
Max energy −1E−04 (2E−05) <0.001 −5E−05 (3E−05) 0.131
Max power −0.003 (8E−04) <0.001 −0.015 (9E−04) 0.241
Max duration −0.116 (0.017) <0.001 −0.060 (0.036) 0.099
No. of sonications −0.035 (0.032) 0.273
Cavitation halts −0.385 (0.116) 0.001 −0.087 (0.108) 0.423
Patient stops −0.367 (0.133) 0.006
Thermal dose 8.098 (1.675) <0.001 10.320 (1.487) <0.001
CRST subscore at baseline −0.016 (0.032) 0.607

SE = standard error.
Boldface type indicates statistical significance (p < 0.05).
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severe (0% and 2.2% in the low- and high-temperature 
groups, respectively). Balance (47.1%) and sensory (34.7%) 
abnormalities were the most commonly reported T-AEs. 
The high-temperature group had a higher rate of balance 
disturbances (p = 0.04; Table 6).

Discussion
In this study, we retrospectively reviewed a large co-

hort of patients who had undergone unilateral MRgFUS 
thalamotomy for ET. We aimed to develop best practic-
es in the growing field of ultrasound lesioning. A hand-
specific CRST subscore was used to compare results for 
the treated hand. We evaluated the potentially related fac-
tors that may assist in improving the clinical outcomes of 
MRgFUS thalamotomy on the basis of an analysis of 250 
patients. We found that younger age and higher Tmax cor-
related with tremor improvement in the multivariate anal-
ysis. SDR, active elements, skull area, and thermal dose 
positively correlated with Tmax, and maximal energy, 
maximal power, maximal duration, and cavitation halts 
negatively correlated with Tmax in the univariate analysis. 
However, no statistically significant factor correlated with 
Tmax in the multivariate analysis.

Tmax and Repetitions
The study demonstrated that improvements in the CRST 

subscore overall increased as Tmax increased (Fig. 1B). 
Although there is still no agreement on what temperature 
threshold is necessary to cause permanent tissue necrosis, 
previous clinical evidence has shown that a peak tempera-
ture of 54°C–60°C is sufficient to complete lesioning.16–18 
In the current study, we calculated a Tmax cutoff value of 
55.8°C to achieve a CRST subscore < 10 at the 12-month 
follow-up (Fig. 1C). Since Tmax was the statistically sig-
nificant factor for a CRST subscore < 10 at the 12-month 
follow-up (Table 2), Tmax is crucial for successful treat-
ment. While sonication with peak temperatures > 55°C 
has been reported to cause tissue ablation in a few sec-

onds,19,20 sonications at lower temperatures (50°C–54°C) 
have also been shown to contribute to lesion formation.10–12 
It has been reported that repeated low-temperature (50°C–
54°C) sonications can accumulate a sufficient thermal 
dose to generate lesions for clinically relevant tremor sup-
pression up to 1 year posttreatment.10 In the present cases 
involving 52°C ≤ Tmax ≤ 54°C, 1–3 repetitions at the right 
target seemed sufficient for tremor improvement (Table 
5). Modulating the duration of sonications is also required 
when Tmax is limited to below 54°C. In a previous study, 
we suggested that 1 second at 57°C was sufficient for tis-
sue necrosis, whereas tissue necrosis with a Tmax of 54°C 
required 7 seconds.11 In the high-temperature group, Tmax 
and number of sonications exhibited no significant rela-
tionship with tremor improvements (Table 4). When the 
target is correct, repetitions seem less necessary for the 
amelioration of tremor. Since there was no single statisti-
cally significant factor for Tmax in the multivariate analy-
sis (Table 3), proper modification of treatment parameters 
should be performed for patients in whom it is difficult to 
reach a target temperature of 54°C in order to overcome 
the fact that SDR was positively correlated with Tmax in 
the univariate analysis.

Skull Properties for Patient Screening
SDR, defined as the ratio between the densities of mar-

row and cortical bone, has been identified as the dominant 
indicator of ultrasound energy transmission through the 
skull.11 According to the Food and Drug Administration, 
patients with an SDR of 0.45 ± 0.05 or more, as calculated 
by screening CT, are eligible for treatment. With addition-
al experience and a greater accumulation of knowledge 
worldwide, researchers have found that patient-specific 
information such as the skull volume in the treatment area 
and the incidence angle of the ultrasound beam against 
the skull surface are also associated with poor heating.21 
The SDR criterion has been adjusted to 0.30 ± 0.05 in the 
continued-access study at new centers in Asia. Based on 

TABLE 4. Repetitions and their correlations with clinical improvement

Repetitions
Tmax ≤54°C (n = 55) Tmax >54°C (n = 195)

Mean ± SD p Value r Mean ± SD p Value r

Repetitions (Tmax 50°C) 6.0 ± 2.6 0.112 0.219 7.7 ± 3.2 0.002 −0.224
Repetitions (Tmax ≥52°C) 3.4 ± 2.2 0.002 0.408 5.8 ± 2.5 0.045 −0.144
Repetitions (Tmax 54°C) 1.0 ± 1.2 0.071 0.248 3.6 ± 2.0 0.084 −0.124
Repetitions (Tmax ≥57°C) NA NA NA 1.1 ± 1.1 0.498 −0.049

NA = not applicable.
Boldface type indicates statistical significance (p < 0.05).

TABLE 5. Low-temperature group: repetitions at Tmax ≥ 52°C 

Variable No. of Patients Sonications at 52°C ≤ Tmax ≤ 54°C No. of Targets Repetitions (52°C) per Target Tremor Improvement

Repetitions (52°C) ≤2 17 0.82 ± 0.81 1.94 ± 0.83 0.39 ± 0.41 30.8% ± 29.3%
Repetitions (52°C) ≥3 38 4.42 ± 1.65 3.34 ± 2.17 1.90 ± 1.55 58.5% ± 22.2%
Total 55 3.31 ± 2.21 2.91 ± 1.97 1.43 ± 1.48 49.9% ± 27.5%
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the present analysis, SDR had no significant correlation 
with tremor outcome (Table 2). This finding is consistent 
with previous literature suggesting that there is no sig-
nificant association between tremor outcomes and SDR, 
although SDR is still important for assessing technical 
eligibility for successful MRgFUS thalamotomies.22–25 In 
the present study, we found that SDR was positively cor-
related with heating efficiency (i.e., δT/δE at the maximum 
temperature; β = 0.005, p < 0.001). Previous results from 
both ex vivo and in vivo skulls have indicated that a high 
SDR is more efficient at energy transmission and at rais-
ing temperatures to make permanent lesions in the brain.21 
Moreover, it has been reported that the amount of required 
energy varies in patients with a low SDR and that it is diffi-
cult to predict the temperature rise.24 We assumed that the 
reason there was no correlation between SDR and CRST 
improvement was because 55.8°C (the lower cutoff value 
of Tmax) was a high enough temperature for a successful 
clinical outcome, although higher energy (power and dura-
tion) was required to achieve the desired ablative tempera-
ture. Once treatment parameters are modulated to deliver 
enough energy, SDR itself may be correlated with Tmax 
but not with clinical outcomes. The present study suggests 
that lowering the cutoff value of SDR may be possible in 
patients who are able to withstand pain caused by high 
energy transmission and prolonged treatment. Thus, in 
the case of low SDR, younger patients are recommended 
as candidates for MRgFUS. Increased power and longer 
durations are required when treating Asian patients, who 
have a significantly lower SDR than White patients (0.46 
± 0.11 vs 0.53 ± 0.10, p < 0.0001). Furthermore, higher 
energy during sonication requires a longer cooling time 
after each sonication. Dynamic processes in the brain tis-
sue during these intervals may affect tissue response, caus-
ing the appearance of cavitations in the tissue.26 Advanced 
MRgFUS technology to prevent abnormal cavitation sig-
nals could enable us to overcome issues associated with 
low SDR.

Number of Sonications
Chang et al. mentioned that in their series, to achieve 

the desired clinical effect, patients had 2–7 suprathreshold 
sonications (10 seconds each) and a total of 15–28 sonica-
tions (including subthreshold).27 In the current analysis, a 
higher number of sonications showed an inverse correla-
tion with a CRST subscore < 10 in the univariate logistic 
regression (Table 2). Previous studies have also suggested 
that a higher number of sonications is associated with poor 
outcomes, which may be related to the use of high acoustic 
power requiring a high number of sonications.23,28 How-

ever, it should not be considered as the causative factor 
for treatment success. The number of sonications in each 
treatment can be affected by the efficiency of ultrasound 
energy transmission through the skull, the process of tar-
get alignment (to calibrate the targeting accuracy in each 
orthogonal plane), energy titration strategies with respect 
to a therapeutic dose, and relocation of the target based 
on patient feedback. Considering the complexities and 
challenges presented during treatment, we found that the 
number of sonications showed an inverse correlation with 
tremor suppression. δT/δE (°C/J) represents temperature 
achieved minus a baseline temperature of 37°C divided 
by energy delivered. A larger value of dT/dE means that a 
greater change in temperature can be raised with the same 
amount of energy. Bond and Elias observed an increase 
in the energy requirement for each subsequent treatment 
sonication, with the largest percentage increase from the 
first sonication treatment to the second.29 In practice, for 
patients with a low SDR, heating efficiency decreases dra-
matically during the treatment process while the number 
of sonications increases,28,29 which means energy is not 
used effectively to increase temperature. Thus, it may help 
to achieve a therapeutic temperature with a significant in-
crease of energy once the alignment is completed. In par-
ticular, when treating patients with low SDRs, we suggest 
increasing the temperature to the therapeutic range with 
delivered energy early in the treatment, before the change 
in skull properties and brain tissues causes the appear-
ance of cavitations. Furthermore, if the physician fails to 
achieve an ablative temperature after a certain number of 
sonications at any single target, it would be beneficial to 
move the target slightly within the safety zone based on 
the patient’s response.

Adverse Events
The goal of MRgFUS thalamotomy in patients with 

ET is to ablate the VIM until the tremor is suppressed to 
a satisfactory level. The clinical efficacy of MRgFUS is 
important, but its safety must also be considered. Despite 
the promising efficacy demonstrated in a previous ran-
domized controlled study by Elias et al.,5 the treatment 
was associated with a nonnegligible rate of adverse events, 
which eventually decreased by the 12-month follow-up. 
Both 2-year6 and 4-year8 follow-up studies showed clini-
cal efficacy and an acceptable range of adverse events. 
Inaccurate targeting of the VIM and/or the development 
of perilesional edema can affect other thalamic nuclei 
and adjacent structures, such as the posterior limb of the 
internal capsule.30,31 In the current analysis, T-AEs were 
usually mild, and balance and sensory abnormalities were 
the most commonly reported. The high-temperature group 
(Tmax > 54°C) had a higher incidence of balance distur-
bances than the low-temperature group (p = 0.04). Higher 
temperatures are expected to generate longer-lasting re-
sults but may also lead to a higher rate of side effects;32 
therefore, lesioning procedures require a balance between 
efficacy and safety. Furthermore, lesioning procedures 
require a balance between lesion size and the risk of ad-
verse effects, since larger lesions are expected to result in 
longer-lasting efficacy but also a higher incidence of side 
effects.5,12,14 Although the current study did not investigate 

TABLE 6. T-AEs by severity and type

Event 
Category

Tmax ≤54°C (n = 55) Tmax >54°C (n = 195)
Mild Moderate Severe Mild Moderate Severe

Balance 16 3 0 88 17 5
Sensory 17 3 0 71 4 0
Strength 5 0 0 18 4 0
Speech 4 1 0 18 0 0
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volumetric analysis, researchers have tried to link the lo-
cation and size of thermal lesions with tremor reduction 
and adverse effects.12,14,29,30,33,34 Even with a low Tmax, the 
accumulated thermal dose has been demonstrated to influ-
ence lesion size, which has been shown to be correlated 
with the incidence of adverse effects.10,35

Study Limitations
This retrospective analysis of prospectively collected 

data has several limitations. 1) The continued-access trial 
is the same as the clinical study by Elias et al.5 but with no 
sham data available for comparison. 2) Efficacy and safety 
were evaluated by neurologists who specialize in move-
ment disorders at different institutions, which might have 
generated subjective and biased results among institutions. 
3) The physician’s experience with functional surgery and 
the learning curve for MRgFUS thalamotomy could have 
affected the treatment outcomes. 4) Treatment strategies, 
such as targeting (indirect targeting based on atlas-derived 
coordinates or with the incorporation of tractography), uti-
lization of power, duration, and energy, varied from insti-
tution to institution. We did not analyze the data regarding 
target movements, which may have differed between cen-
ters and affected the clinical outcomes. 5) The CT imag-
ing protocols varied across different vendors and models. 
Standardized guidelines for CT scanning will be needed 
to make general comparisons. 6) We only evaluated parts 
A and B of the CRST and did not investigate part C. Jung 
et al. found that the score for CRST part C showed a 55.1% 
improvement from baseline to the 12-month follow-up. 
Furthermore, the total score for the Quality of Life in Es-
sential Tremor Questionnaire also showed the same trend 
of improvement.36 However, further investigations in terms 
of functional disability and quality of life are needed. 7) 
The present analysis focused on technical and operative 
variables, which are important in clinical practice. Our 
study did not include volumetric analysis after MRgFUS 
thalamotomy. Thus, we could not examine the relationship 
between lesion volume and tremor improvement accord-
ing to sonication parameters. Follow-up studies identify-
ing the topography and size of lesions that caused adverse 
events are necessary. 8) All adverse events were classified 
as mild, moderate, or severe on the basis of maximal sever-
ity. A more objective and quantifiable classification system 
for adverse events is needed because the physicians clas-
sified the adverse events at their discretion, which could 
have resulted in subjective and biased results. 9) Finally, a 
longer follow-up is necessary to confirm our conclusions.

Conclusions
In this study, we summarized and presented data from 

250 patients who had undergone unilateral MRgFUS thal-
amotomy for ET and completed 12 months of follow-up. 
Our data may help to improve overall clinical outcomes 
and minimize adverse events in the clinical setting. This 
analysis of a large cohort of ET patients may provide a bet-
ter understanding of MRgFUS thalamotomy practices and 
further improve the safety, efficacy, and efficiency of this 
treatment. However, further investigations and continuous 
follow-ups are necessary to confirm our conclusions.
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